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(54) Optical transmission line and optical communication system 



(57) An optical transmission line and an optical com- 
munication system for high-quality transmission of sig- 
nal light using distributed Raman amplification are dis- 
closed. In an optical communication system 1 , an optical 
transmission line 10 including a first optica! fiber 11 and 
a second optical fiber 12, which are connected to each 
other by means of fusion, is disposed between an optical 



repeater 30 and an optical repeater 40. The effective 
core area of the optical fiber 11 is smaller than the ef- 
fective core area of the optical fiber 12. The absolute 
value of the chromatic dispersion of the optical fiber 12 
is smaller than that of the optical fiber 11. When the 
lengths of the optical fibers 11 and 12 are represented 
by L 1 and L 2 , respectively, the ratio + L 2 ) is not 

less than 0.5. 
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Description 

. BACKGROUND OF THE INVENTION 
5 1. Field of the Invention 

[0001] The present invention relates to an optical transmission line suitable for transmitting signal light while Raman 
amplifying the signal light, and to an optical communication system including such an optical transmission line. 

10 2. Description of the Background Art 

[0002] The distributed Raman amplification is a technique of supplying Raman amplification pumping light to an 
optical transmission line disposed between stations and thereby Raman amplifying the signal light while the signal light 
propagates through the optical transmission line. In an optical transmission line in which signal light is amplified by 

15 distributed Raman-amplification, the intrinsic transmission loss is canceled by the Raman amplification gain, and the 
effective transmission loss is reduced accordingly. This makes it possible to achieve long-haul transmission. 
[0003] To improve the optical transmission quality, it is important to reduce the absolute value of the overall chromatic 
dispersion of the optical transmission line. To this end. there is a case in which an optical transmission line is formed 
by combining a first optical fiber and a second optical fiber together, wherein thefirst optical fiber has a positive chromatic 

20 dispersion and a large effective core area while the second optical fiber has a negative chromatic dispersion and a 
small effective core area. In this type of optical transmission line, to suppress signal degradation due to nonlinear 
optical phenomena, the first optical fiber is generally disposed on the upstream side of the optical transmission line, 
x and the second optical fiber is disposed on the downstream side. 1 
[0004] In this optical transmission line, the power of signal light propagating through the second optical fiber is small. 

25 The second optical fiber has a small effective core area and a high Raman amplification efficiency. Thus : it has been 
proposed to amplify the signal light by supplying Raman amplification pumping light to the second optical fiber 

SUMMARY OF THE INVENTION 

30 [0005] It is an object of the present invention to provide an optical transmission line and an optical communication 
system, which allow high-quality transmission of signal light using distributed Raman amplification. 
[0006] According to a first aspect of the present invention, to achieve the above object, there is provided an optical 
transmission line comprising a first optical fiber having a length of L 1( a first effective core area, and a first positive 
chromatic dispersion, and a second optical fiber having a length of L 2 , a second effective core area, and a second 

35 negative chromatic dispersion, wherein the first and second optical fibers are connected together. In this optical trans- 
mission line, the second optical fiber includes a core, a cladding, and a depressed region which is disposed between 
the core and the cladding and has a refractive index smaller than refractive indexes of the core and cladding, the 
second effective core area is smaller than the first effective core area, the second chromatic dispersion is smaller in 
absolute value than the first chromatic dispersion, and the ratio (L 2 /(L 1 + L 2 )) is not less than 0.5. Herein, the values 

to of the effective core areas and the chromatic dispersions are those at a wavelength of 1 550 nm. 

[0007] In one embodiment of the optical transmission line according to the first aspect of the present invention, the 
ratio (L 2 /(L 1 + L 2 )) may be not less than 0.55 and not more than O.60. The second optical fiber may be disposed on 
the downstream side of the first optical fiber. The first effective core area may be not less than 1 00 jim 2 , and the second 
effective core area may be not less than 20 urn 2 . The relative refractive index difference of the core of the second 

^5 optical fiber to the cladding may be not less than 0.9% and not more than 1 .0%. 

[0008] According to a second aspect of the present invention, there is also provided an optical transmission line 
comprising a first optical fiber having a length of L 1t a first effective core area, and a first chromatic dispersion being 
positive, a second optical fiber having a length of L 2 , a second effective core area, and a second chromatic dispersion 
being negative, and a third optical fiber having a length of L 3 , a third effective core area, and a third chromatic dispersion 

50 being positive, wherein the first, second, and third optical fibers are connected in this sequence between the signal 
light incidence position and the signal light exit position. In this optical transmission line, the second optical fiber includes 
a core, a cladding, and a depressed region which is disposed between the core and the cladding and has a refractive 
index smaller than refractive indexes of the core and the cladding, the second effective core area is smaller than the 
first effective core area and the third effective core area, the second chromatic dispersion is not less than -73 ps/nm/ 

55 km and not more than -46 ps/nm/km, and the ratio L^[L^ + L 2 + L 3 ) is not less than 0.2 and not more than 0.4. Herein, 
the values of the effective core areas and the chromatic dispersions are those at a wavelength of 1550 nm. 
[0009] In the optical transmission line according to the second aspect of the present invention, the first effective core 
area may be not less than 1 00 urn 2 , the second effective core area may be not less than 1 5 urn 2 , and the third effective 
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core area may be not less than 100 ujti 2 . The relative refractive index difference of the core of the second optical fiber 
to the cladding may not less than 1 .4% and not more than 1 .8%. The ratio R = ((l^ + 0.5L 2 )/(L 1 + L 2 + L 3 )) may be not 
less than 0.4 and not more than 0.5, and Raman amplification pumping light used for Raman amplification of signal 
light may be supplied from the side of the light emerging-out position. Alternatively, the ratio R may be not less than 

5 0.5 and not more than 0.7, and Raman amplification pumping light used for Raman amplification of signal light may 
be supplied both from the side of the light incidence position and from the side of the light emerging-out position. 
[0010] The present invention is also directed to an optical communication system comprising a first or second optical 
transmission line and a Raman amplification pumping light source for supplying Raman amplification pumping light to 
the optical transmission line such that the optical communication system is capable of transmitting signal light through 

10 the optical transmission line while Raman amplifying the signal light propagating through the optical transmission line. 
[0011] The present invention is further explained below by referring to the accompanying drawings. The drawings 
are provided solely for the purpose of illustration and are not intended to limit the scope of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

15 

[0012] 

Figure 1 is a schematic diagram illustrating an optical communication system 1 and an optical transmission line 
10 according to a first embodiment of the present invention. 
20 Figure 2 is a diagram illustrating a refractive index profile of an optical fiber 12. 

Figure 3 is a graph showing the relationship between the relative refractive index difference An 1 and the perform- 
ance of the optical transmission line 1 0. 
Figure 4 is an enlarged partial diagram of Fig. 3. 

Figure 5 is a graph showing the relationship between the relative refractive index difference An 1 and the power of 
25 Raman amplification pumping light adjusted so that the effective transmission loss of the optical transmission line 

10 becomes equal to 0. 

Figure 6 is a schematic diagram illustrating an optical communication system 2 and an optical transmission line 
20 according to a second embodiment of the present invention. 

Figure 7 is a graph showing the relationship between the relative refractive index difference An 1 and the perform- 
30 ance of the optical transmission line 20. 

Figure 8 is an enlarged partial diagram of Fig. 7. 

Figure 9 is a graph showing the relationship between the relative refractive index difference An 1 and the power of 
Raman amplification pumping light adjusted so that the effective transmission loss of the optical transmission line 
20 becomes equal to 0. 

35 Figure 1 0 is a graph showing the relationship between the relative refractive index difference An 1 and the perform- 

ance of the optical transmission line in the first and second embodiments. 

Figure 11 is a graph showing the relationship between the relative refractive index difference An 1 and the power 
of Raman amplification pumping light in the first and second embodiments. 

Figure 12 is a graph showing the relationship between the location of the optical fiber 12 and the performance of 
^0 the optical transmission line 20, for a case in which forward pumping is employed in the second embodiment. 

Figure 13 is a graph showing the relationship between the location of the optical fiber 12 and the performance of 
the optical transmission line 20, for a case in which backward pumping is employed in the second embodiment. 
Figure 14 is a graph showing the relationship between the location of the optical fiber 12 and the performance of 
the optical transmission line 20, for a case in which bi-directional pumping is employed in the second embodiment. 

45 

DETAILED DESCRIPTION OF THE INVENTION 

[0013] Embodiments of the present invention are explained below by referring to the accompanying drawings. In the 
drawings, the same number refers to the same part to avoid duplicate explanation. The ratios of the dimensions in the 
50 drawings do not necessarily coincide with the explanation. 

First Embodiment 

[0014] First, an optical communication system and an optical transmission line according to a first embodiment of 
55 the present invention are described. Figure 1 is a schematic diagram illustrating the optical communication system 1 
and the optical transmission line 10 according to the first embodiment of the present invention. In this optical commu- 
nication system 1, the optical transmission line 10 is disposed between an optical repeater (or optical transmitter) 30 
and an optical repeater (or optical receiver) 40. The optical transmission line 10 includes a first optical fiber 11 and a 
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second optical fiber 12 which are connected together by means of fusion splicing. 

1 [0015] The optical fiber 11 has a relatively large effective core area A eff1 and a positive chromatic dispersion D 1 at 
a wavelength of 1550 nm. The optical fiber 11 includes a core made of pure silica glass including the center of an 
optical axis, and a cladding doped with fluorine and formed around the core. Because the core is made of pure silica 

5 glass, the optical fiber 11 has a low transmission loss. 

[0016] On the other hand, the optical fiber 12 has a relatively small.effeclive core area A e{f2 and a negative chromatic 
dispersion D 2 at a wavelength of 1550 nm so that the chromatic dispersion of the optical fiber 11 is compensated by 
the optical fiber 12. The optical fiber 12 has a refractive index profile such as that shown in Fig. 2. That is, the optical 
fiber 12 includes a core 21 having a refractive index n 1 and including an optical axis, a depressed region 22 having a 

10 refractive index n 2 , and a cladding 23 having a refractive index n 3 , wherein n 1 > n 3 > n 2 . The optical fiber 1 2 is formed 
using silica glass as a base material. The core 21 may be doped with germanium oxide (Ge0 2 ) and the depressed 
region 22 may be doped with fluorine. The optical fiber 12 is made to exhibit negative chromatic dispersion D 2 by 
properly setting the ratio Ra (=a/b) between the outer diameter 2a of the core 21 and the outer diameter 2b of the 
depressed region 22, the relative refractive index difference \r\ y of the core 21 relative to the cladding 23, and the 

15 relative refractive index difference An 2 of the depressed region 22 to the cladding 23. 

[0017] It is also preferable that the optical fiber 12 further includes a ring portion with a refractive index n 4 disposed 
between the depressed region 22 and the cladding 23, and the refractive indexes are set such that ^> n 4 > n 3 > n 2 . 
Furthermore, the optical fiber 12 may include two or more depressed regions 22 with a low refractive index, although 
the purposes of the present invention can be achieved if the optical fiber 12 includes at least one depressed region 22. 

20 [0018] At the optica! signal wavelength, the effective core areas Ae ff1 and A eff2 , and the chromatic dispersions 
and D 2 satisfy the following relationships:- 



25 



A*ffo <A*m ( 1a ) 



D 2 <0<\D 2 \<Di (1b) 
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[0019] The length L 1 of the optical fiber 11 and the length L 2 of the optical fiber 1 2 satisfy the following relationship: 

L 



2 >0.5 : (2) 



L 1 + L 2 

and, more preferably, satisfy the following relationship: 

-0.55<2-<0.60 (3) 

L 1 +L 2 

[0020] To reduce the nonlinearity, it is preferable that the effective core area A eff1 be not less than 100 ujti 2 at the 
signal light wavelength, the effective core area A^ be not less than 20 jim 2 , and the relative refractive index difference 
An 1 be not less than 0.9% and not more than 1 .0%. 

[0021] The optical repeater 30 includes an pumping light source 31 and an optical coupler 32. The pumping light 
source 31 emits pumping light used for Raman amplification, and the optical coupler 32 supplies the pumping light to 
the optical fiber 11. More specifically, the optical repeater 30 supplies the Raman amplification pumping light to the 
optical transmission line 1 0 frontward. The Raman amplification pumping light has a wavelength shorter than the signal 
light wavelength by about 100 nm. 

[0022] Similarly, the optical repeater 40 includes an pumping light source 41 and an optical coupler 42. The optical 
repeater 40 supplies the Raman amplification pumping light to the optical transmission line 10 backward. 
[0023] In this optical communication system 1 , the Raman amplification pumping light emitted from the pumping light 
source 31 is sequentially supplied to the optical fiber 11 and then to optical fiber 12. On the other hand, the Raman 
amplification pumping light emitted from the pumping light source 41 is sequentially supplied first to the optical fiber 
12 and then to optical fiber 11. Signal light propagates first through the optical fiber 11 and then through the optical 
fiber 12 and reaches the optical repeater 40, wherein the signal light is amplified by means of Raman amplification 
during the propagation through the optical fibers. 

[0024] In the optical communication system 1 and the optical transmission line 10 according to the present embod- 
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iment, the effective core areas A eff1 and A eff2! the chromatic dispersions Dj and D 2 , and the lengths and L 2 are set 
such that the relationships described above are satisfied, thereby achieving high performance in terms of both the 
optical signal-to-noise ratio and nonlinearity and thus achieving high-quality transmission of signal light using distributed 
Raman amplification. 

5 [0025] Specific examples of the optical communication system 1 and the optical transmission line 10 according to 
the first embodiment are described below. Table shows various parameters of the optical libers which were actually 
used to form the optical transmission line 10. 



Table I 





Fiber 


11 


12a 


12b 


12c 




Relative Index difference 




0.8 


0.9 


1.0 


15 


Loss at 1450 nm dB/km 


0.2 


0.25 


0.25 


0.25 


Loss at 1550 nm dB/km 


0.17 


0.21 


0.21 


0.21 




Chromatic dispersion 

ps/nm/km 


20.4 


■7.8 


14.1 


-17.1 


20 


Dispersion slope 

ps/nm 2 /km 


0.059 


-0.021 


-0.040 


-0.048 




Effective core area U m 2 


110 


31.0 


28.1 


26.4 




Gain coefficiency 


0.28 


1.08 


1.24 


1.38 




Non-linear index 


2.8 


3.4 


3.4 


3.5 


25 


L2/CL1 + L2) 




72.3 


59.1 


54.4 



■ 35 



12d 


12e 


12f 


12B 


12h 


Reference 


1.2 


1.4 


1.6 


1.8 


2.0 




0.26 


0.28 


0.32 


0.39 


0.50 


0.25 


0.22 


0.24 


0.27 


0.31 


0.37 


0.20 


-30.3 


-46.0 


-58.2 


-72.4 


-86.0 


8.0 


;0.087 


-0.133 


-0.164 


-0.210 


-0.253 


0.060 


; 22.9 


20.5 


18.8 


17.5 


16.3 


65.3 


1.7 


2.05 


2.41 


2.80 


3,26 


0.49 


3.7 


3.8 


3.9 


4.1 


4.2 


2.9 


40.2 


30.7 


26.0 


22.0 


19.2 





As for the optica! fiber 11 , a single-mode optical fiber including a core made of pure silica glass and having a zero- 
dispersion wavelength near 1 .3 nm was used. 

[0026] Optical fibers 12a to 12h actually employed as the optical fiber 12 had a relative refractive index difference 
45 An 1 in the range from 0.8% to 2.0% and a transmission loss in the range from 0.25 to 0.50 dB/km at a wavelength of 
1450 nm and from 0.21 to 0.37 dB/km at a wavelength of 1550 nm. Furthermore, the chromatic dispersion thereof was 
in the range from -7.8 to -86.0 ps/nm/km. the dispersion slope was in the range from -0.021 to -0.253 ps/nm 2 /km. the 
effective core area was in the range from 31.0 to 16.3 um 2 ; the Raman amplification gain factor (g R /A efJ ) was in the 
range from 1 .08 to 3.26 /W/km, and the nonlinear refractive index n 2 was in the range from 3.4 x 10" 20 to 4.2 x 10" 20 
50 m 2 /W. The values described herein are those measured at a wavelength of 1 550 nm except for the transmission loss. 
The parameters of the optical fibers 12a to 12h were set so that the bending loss for a bending diameter of 20 mm<j> 
at a wavelength of 1 550 nm became 1 0 dB/m. 

[0027] In the present example s the optical transmission line 10 was formed by connecting one of optical fibers 12a 
to 12h to the optical fiber 11 . The length of each optical fiber was adjusted so that the overall chromatic dispersion of 
55 the whole optical transmission line 1 0 became 0 at a wavelength of 1550 nm. The total length. L 1 + L 2s of the optical 
transmission line 10 : was set to 100 km. The signal light wavelength was set to 1550 nm, and Raman amplification 
pumping light with a wavelength of 1450 nm was employed. Optical signal power of 0 dBm was input to the optica! 
transmission line 10. The power of the Raman amplification pumping light was adjusted so that the effective transmis- 
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sion loss of the optical transmission line 10 became equal to 0, that is, so that the power of the signal light output from 
the optical transmission line 1 0 became equal to the power of the signal light input to the optical transmission line 1 0 . 
[0028] The performance of the optical transmission line 1 0 in the case of using the distributed Raman amplification 
was evaluated in comparison with the performance achieved by a reference system which was formed by connecting 
5 an optical transmission line including only a reference optical fiber (i.e., a dispersion shifted fiber having a zero-dis- 
persion wavelength shifted from 1 .3 u,m to a longer wavelength) to an erbium-doped fiber amplifier (ED FA) having a 
signal-to-noise ratio of 5 dB. Herein, the performance (PFM) of the optical transmission line 10 is defined as follows: 

PFM= improvement of OSNR + improvement of nonlinearity (4a) 

In this definition, 

15 Improvement of OSNR = 1 0-log OSNR Raman /OSNR basis (4b) 

Improvement of nonlinearity = 1 0«log A<t> Raman /A<j> basjs ( 4c ) 

20 where OSNR Raman and A<j> Raman are the optical signal-to-noise ratio and the phase shift, respectively, for the optical 
transmission line 10, and OSNR^^ and A<f> basls are those for the reference system. 

[0029] The phase shift A(j> Raman is the overall phase shift of the optical transmission line 10 caused by self phase 
modulation, for fixed power of light incident on the optical transmission line 10. The optical signal-to-noise ratio OS- 
NR basis was calculated on the assumption that the degradation of the optical signal-to-noise ratio of the ED FA was 5 
25 dB. In the phase shift A4> basis: the phase shift of the EDFA was ignored, because the length of the ED FA is much shorter 
than the length of the optical transmission line. 

[0030] Figures 3 and 4 are graphs showing the relationship between the relative refractive index difference An 1 of 
the optical fiber 12 and the PFM of the optical transmission line 10. In Fig. 3, the improvement of OSNR and the 
improvement of nonlinearity are also shown in addition to the PFM. Figure 4 is an enlarged partial graph of Fig. 3 
30 showing the PFM. Figure 5 is a graph showing the relationship between the relative refractive index difference An 1 
and the power of Raman amplification pumping light adjusted so that the effective transmission loss of the optical 
transmission line 10 became equal to 0. 

[0031] As can be seen from Figs. 3 and 4, a greater reduction in the nonlinearity of the optical transmission line 1 0 
was obtained with increasing relative refractive index difference An v That is, less significant degradation due to non- 

35 linear optical phenomena occurred in the area of large An v This is consistent with the fact that the larger the relative 
refractive index difference An 1 of the optical fibers 12a through 12h, the shorter is the required length L 2 . The improve- 
ment of the OSNR was greater than the improvement of the nonlinearity for all values of the relative refractive index 
difference An1 , and a greatest improvement of the OSNR was obtained when the relative refractive index difference 
A^ was about 1.0%. Highest performance was obtained when the relative refractive index difference An 1 was in the 

40 range of 0.9% to 1.0%. In other words, in the optical communication system 1 or the optical transmission line 10, 
optimum distributed Raman amplification can be achieved by setting the relative refractive index difference An 1 of the 
optical fiber 12 within the range of 0.9% to 1 .0%. High performance was obtained when the ratio (L 2 /(L 1 + L 2 )) of the 
length of the optical fiber 1 2 to the total length of the optical transmission line 1 0 was not less than 0.5, and the highest 
performance was obtained when the ratio was not less than 0.55 and not more than 0.60. 

45 

Second Embodiment 

[0032] An optical communication system and an optical transmission line according to a second embodiment of the 
-present invention are described below. Figure 6 is a schematic diagram illustrating the optical communication system 
50 2 and the optical transmission line 20 according to the second embodiment of the present invention. In this optical 
communication system 2, an optical transmission line 20 is disposed between an optical repeater 30 and an optical 
repeater 40. The optical transmission line 20 includes a first optical fiber 1 1 . a second optical fiber 1 2, and a third optical 
fiber 13, which are connected in this sequence means of fusion splicing. 

[0033] The optical fibers 11 and 12 and the optical repeaters 30 and 40 are similar to those employed in the first 
55 embodiment. However, the optical transmission line 20 is different from the optical transmission line 1 0 in that it further 
includes the optical fiber 13 in addition to the optical fiber 11 and the optical fiber 12. 

[0034] The optical fiber 1 3 is similar to the optical fiber 1 1 , and has a relatively large effective core area A eff3 and a 
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positive chromatic dispersion D 3 at signal light wavelength. The optical fiber 13 includes a core made of pure silica 
glass including an optical axis, and a cladding doped with fluorine and formed around the core. Because the core is 
made of pure silica glass, the optical fiber 13 has a low transmission loss. 

[0035] At the optical signal wavelength the effective core areas A ef!1: A eff2 , and A eff3 , and the chromatic dispersion 
D 2 satisfy the following relationships: 



A effz< A eff3 < 5b > 



-73 ps/ nm/km< D 2 < -46 ps/ nmf km (5c) 



[0036] The length L n of the optical fiber 11 , the length L 2 of the oplical fiber 12, and the length L 3 of the optical fiber 
13 satisfy the following relationship: 

To reduce the nonlinearity, it is preferable that the effective core area A eff1 be not less than 100 jim 2 at the signal light 
wavelength, the effective core area A eff2 be not less than 15 fim 2 , the effective core area A eff3 be not more than 100 
iim 2 , and the relative refractive index difference An 1 be not less than 1.4% and not more than 1.8%. 
[0037] Furthermore, it is preferable that the ratio R = (L 1 + 0.5L 2 )/(L 1 + L 2 4- L 3 ) be not less than 0.4 and not more 
than 0.5, and Raman amplification pumping light be supplied to the optical fiber 1 3 from the optical repeater 40. Alter- 
natively, the ratio R may be in the range not less than 0.5 and not more than 0.7, and Raman amplification pumping 
light may be supplied to the optical fiber 1 3 from the optical repeater 40 and also to the optical fiber 1 1 from the optical 
repeater 30. 

[0038] In this optical communication system 2, the Raman amplification pumping light emitted from the pumping light 
source 31 is supplied via a optical coupler 32 to the optical fiber 11 , the optical fiber 12, and the optical fiber 13 in this 
sequence. On the other hand, the Raman amplification pumping light emitted from the pumping light source 41 is 
supplied via a optical coupler 42 to the optical fiber 1 3, the optical fiber 1 2, and the optical fiber 1 1 from in this sequence. 
The signal light output from the optical repeater 30 propagates through the optical fiber 11 , the optical fiber 12, and 
the optical fiber 13 in this sequence and is amplified by means of Raman amplification during the propagation to reach 
the optical repeater 40. 

[0039] In the optical communication system 2 and the optical transmission line 20 according to the present embod- 
iment, distributed Raman amplification and high-quality transmission of signal light are made possible by setting the 
effective core areas A^, A eff2 , and A eff3 , the chromatic dispersions D 1; D 2 , and D 3 , and the lengths L 2 , and L 3 so 
as to satisfy the relationships described above. 

[0040] Specific examples of the optical communication system 2 and the optical transmission line 20 according to 
the second embodiment are described below. In the examples, an optical fiber 11. optical fibers 12a to 12h, and a 
reference oplical fiber, having characteristics or parameters similar to those shown in Table were used. As for the 
optical fiber 13, an optical fiber similar to the optical fiber 11 whose characteristics or parameters are shown in Table 
was used, and the length of the optical fiber 13 was set to be equal to the length of the optical fiber 11 . 
[0041] In the present examples, the optical fiber 11 , one of the optical fibers 12a through 12h, and the optical fiber 
13 were connected together in this sequence so as to form the optical transmission line 20. The length of each optical 
fiber was adjusted so that the overall chromatic dispersion of the whole optical transmission lino 20 became 0 at a 
wavelength of 1550 nm. The total length, i L 2 i L 3 , of the optical transmission line 20 was set to 100 km. A signal 
light wavelength was set to 1550 nm, and Raman amplification pumping light with a wavelength of 1450 nm was 
employed. Optical signal power of 0 dBm was input to the optical transmission line 20. The power of the Raman 
amplification pumping light was adjusted so that the effective transmission loss of the optical transmission line 20 
became equal to 0. The performance of the optical transmission line 20 using distributed Raman amplification was 
evaluated in a similar manner as in the first embodiment in accordance with equations (4a) to (4c). 
[0042] Figures 7 and 8 are graphs showing the relationship between the relative refractive index difference An 1 of 
the optical fiber 12 and the PFM of the optical transmission line 20. In Fig. 7, the improvement of OSNR and the 
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improvement of nonlinearity are also shown in addition to the PFM. Figure B is an enlarged partial graph of Fig. 7 
showing the PFM. Figure 9 is a graph showing the relationship between the relative refractive index difference An 1 of 
the optical fiber 12 and the power of Raman amplification pumping light adjusted so that the effective transmission loss 
of the optical transmission line 20 became equal to 0. 

5 [0043] As can be seen from Figs. 7 and 8, a reduction in the nonlinearity of the optical transmission line 20 became 
small when the relative refractive index difference An 1 was about 1 .2%. That is, significant degradation due to nonlinear 
optical phenomena occurred. The improvement of OSNR was greater than the improvement of nonlinearity for all 
values of the relative refractive index difference An-,, and a greatest improvement of OSNR was obtained when the 
relative refractive index difference An 1 was about 1 .0%. Highest performance was achieved when the relative refractive 

io index difference A^ was.1 .4% to 1 .8%. That is, in the optical communication system 2 or the optical transmission line 
20 : optimum distributed Raman amplification can be achieved by setting the relative refractive index difference An 1 of 
the optical fiber 12 within the range of 1.4% to 1.8%. The highest performance was obtained when the ratio of the 
length of the optical fiber 12 to the total length of the optical transmission line 20 (L^Lj + L 2 + L 3)) was not ,ess tnan 
0.2 and not more than 0.4 and in that case the chromatic dispersion D 2 of the optical fiber 12 was not less than -73 

15 ps/nm/km and not more than 46 ps/nm/km. 

[0044] Figure 1 0 is a graph showing the relationship between the relative refractive index difference An n of the optical 
fiber 12 and the PFM of the optical transmission line, obtained in the first and second embodiments. As can be seen 
from Fig. 10, the PFM obtained in the second embodiment was higher than that achieved in the first embodiment, 
regardless of which of the optical fibers 12a to 12h was employed. 

20 [0045] Figure 1 1 is a graph showing the relationship between the relative refractive index difference An 1 of the optical 
fiber 12 and the power of Raman amplification pumping light adjusted so that the effective transmission loss became 
0 in the first and second embodiments. As can be seen from Fig. 1 1 , the required power of Raman amplification pumping 
light was greater in the second embodiment than in the first embodiment, regardless as to which of the optical fibers 
12a to 12h was employed. 

25 [0046] In the example of the second embodiment described above, the length L 1 and the length L 3 were equal to 
each other, and the optical fiber 12 was disposed in the middle of the optical transmission line 20. The dependence of 
the PFM of the optical transmission line 20 on the location of the optical fiber 12 is described below for respective 
cases of forward pumping, backward pumping, and bi-directional pumping. Figures 12 to 14' are graphs showing the 
relationship between the PFM of the optical transmission line 20 and the location of the optical fiber 12, according to 

30 the second embodiment. Figure 12 shows the PFM of the optical transmission line 20 for a case in which Raman 
amplification pumping light is supplied forwardly to the optical transmission line 20 only from the optical repeater 30. 
Figure 1 3 shows the PFM of the optical transmission line 20 for a case in which Raman amplification pumping light is 
supplied backwardly to the optical transmission line 20 only from the optical repeater 40. Figure 14 shows the PFM of 
the optical transmission line 20 for a case in which Raman amplification pumping light is supplied in both directions to 

35 tne optical transmission line 20 from the optical repeaters 30 and 40. In these figures, the horizontal axis represents 
the location of the center of the optical fiber 12. Herein, an optical fiber 12f shown in Table I was employed as the 
optical fiber 12. 

[0047] The PFM shown in Fig. 1 2 tends to be lower than that shown in Fig. 1 3 and than that shown in Fig. 1 4. This 
is because the forward pumping needs greater optical signal power input to the optical fiber 11 compared with the 

40 backward pumping and the bi-directional pumping, and thus the forward pumping tends to cause nonlinear optical 
phenomena to occur. That is, the backward pumping and the bi-directional pumping are superior to the forward pumping. 
[0048] In the case of the backward pumping (Fig. 13), the optical transmission line 20 has high performance and the 
variation in the PFM due to the change in the location of the optical fiber 12 is relatively small if the center of the optical 
fiber 1 2 is located at a position within the range from the center of the optical transmission line 20 to a point shifted by 

45 10% in a direction toward the front-end side, that is. if the ratio ((L 1 + 0.SL 2 V(^ + L 2 + L 3 )) is not less than 0.4 and not 
more than 0.5. This means that it is not necessary to precisely control the length of each optical fiber used to form the 
optical transmission line 20, as long as the location of the optical fiber 12 is within the above-described range. This is 
advantageous from the point of view of the production control and production cost. 

[0049] In the case of the bi-directional pumping (Fig. 14), the optical transmission line 20 has high performance and 
50 the variation in the PFM is small if the center of the optical fiber 12 is located within the range from the center of the 
optical transmission line 20 to a point shifted by 20% in a direction toward the rear-end side, that is, if the ratio R is 
within the range from 0.5 to 0.7. Also in this case, it is not necessary to precisely control the length of each optical fiber 
used to form the optical transmission line 20. as long as the location of the optical fiber 1 2 is within the above-described 
range. This is advantageous from the point of view of the production control and production cost. 
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Claims 

I . An optical transmission line comprising a first optical fiber and a second optical fiber that are connected together, 
said first optical fiber having a first effective core area and a first positive chromatic dispersion at a wavelength of 

5 1 550 nm, said second optical fiber having a second effective core area and a second negative chromatic dispersion 

al a wavelength of 1550 nm : wherein 

said second optical fiber includes a core including the center of an optical axis, a cladding disposed around 
said core, and a depressed region disposed between said core and said cladding, said depressed region having 
a refractive index smaller than the refractive indexes of said core and said cladding; 
io said second effective core area is smaller than said first effective core area; said second negative chromatic 

dispersion is smaller in absolute value than said first positive chromatic dispersion; and 

when the length of the first optical fiber and the length of the second optical fiber are represented by and 
L 2 , respectively, the ratio (L^Lj + L 2 )) is not less than 0.5. 

15 2. An optical transmission line according to Claim 1 , wherein said ratio (L 2 /(L 1 + L 2 )) is not less than 0.55 and not 
more than 0.60. 

3. An optical transmission line according to Claim 1 , wherein said second optical fiber is disposed on the downstream 
side relative to said first optical fiber 

20 

4. An optical transmission line according to Claim 1 , wherein said first effective core area is not less than 1 00 urn 2 . 

5. An optical transmission line according to Claim 1 , wherein said second effective core area is not less than 20 um 2 . 

25 6. An optical transmission line according to Claim 1 , wherein the relative refractive index difference of said core to 
the cladding of said second optical fiber is not less than 0.9% and not more than 1 .0%. 

7. An optical transmission line comprising a first optical fiber, a second optical fiber, and a third optical fiber, said first, 
second, and third optical fibers being connected together in this sequence and disposed between a signal light 

30 incidence position and signal light exit position, said first optical fiber having a first effective core area and a first 

positive chromatic dispersion at a wavelength of 1 550 nm, said second optical fiber having a second effective core 
area and a second negative chromatic dispersion at a wavelength of 1550 nm, said third optical fiber having a 
third effective core area and a third positive chromatic dispersion at a wavelength of 1550 nm, wherein 

said second optical fiber includes a core including the center of an optical axis, a cladding disposed around 
35 said core, and a depressed region disposed between said core and said cladding, said depressed region having 

a refractive index smaller than the refractive indexes of said core and said cladding; 

said second effective core area is smaller than said first effective core area and said third effective core area; 
said second chromatic dispersion is not less than -73 ps/nm/km and not more than -46 ps/nm/km; and 
when the length of the first optical fiber, the length of the second optical fiber, and the length of the third 
*o optical fiber are represented by L v L 2 , and L 3 , respectively, the ratio (L^L., i L 2 i L 2 )) is not less than 0.2 and 

not more than 0.4. 

8. An optical transmission line according to Claim 7, wherein said first effective core area is not less than 1 00 urn 2 . 
45 9. An optical transmission line according to Claim 7, wherein said second effective core area is not less than 1 5 u.m 2 . 

10. An optical transmission line according to Claim 7, wherein said third effective core area is not less than 100 um 2 . 

II. An optical transmission line according to Claim 7, wherein the relative refractive index difference of said core to 
50 the cladding of said second optical fiber is not less than 1 .4% and not more than 1 .8%. 

12. An optical transmission line according to Claim 7, wherein the ratio ((Lj + 0.5L 2 )/(L 1 + L 2 + L 3 )) is not less than 
0.4 and not more than 0.5, and Raman amplification pumping light used for Raman amplification of signal light is 
supplied from said light exit position. 

55 

13. An optical transmission line according to Claim 7, wherein the ratio ((L^ + 0.5L 2 )/(L 1 + L 2 + L 3 )) is not less than 
0.5 and not more than 0.7, and Raman amplification pumping light used for Raman amplification of signal light is 
supplied from said light incidence position and said light exit position. 
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14. An optical communication system comprising a first optical fiber, a second optical fiber and a Raman amplification 
pumping light source, said first optical fiber and said second optical fiber being connected together so as to form 
an optical transmission line; said first optical fiber having a first effective core area and a first positive chromatic 
dispersion at a wavelength of 1 550 nm, said second optical fiber having a second effective core area and a second 

5 negative chromatic dispersion at a wavelength of 1550 nm, wherein 

said second optical fiber includes a core including the center of an optical axis, a cladding disposed around 
said core, and a depressed region disposed between said core and said cladding, said depressed region having 
a refractive index smaller than the refractive indexes of said core and said cladding; 
said second effective core area is smaller than said first effective core area; 
10 said second negative chromatic dispersion is smaller in absolute value than said first positive chromatic 

dispersion; 

when the length of the first optical fiber and the length of the second optical fiber are represented by L n and 
L 2 , respectively, the ratio (L^Lj + L 2 )) is not less than 0.5; and 

signal light is amplified by means of Raman amplification while the signal light propagates through said optical 
15 transmission line. 

15. An optical communication system comprising a first optical fiber a second optical fiber, a third optical fiber, and a 
Raman amplification pumping light source, said first, second, and third optical fibers being connected in this se- 
quence so as to form an optical transmission line and disposed between a signal light incidence position and signal 

20 light exit position; said first optical fiber having a first effective core area and a first positive chromatic dispersion 

at a wavelength of 1550 nm, said second optical fiber having a second effective core area and a second negative 
chromatic dispersion at a wavelength of 1 550 nm, said third optical fiber having a third effective core area and a 
third positive chromatic dispersion at a wavelength of 1550 nm, wherein 

said second optical fiber includes a core including the center of an optical axis, a cladding disposed around 
25 said core, and a depressed region disposed between said core and said cladding, said depressed region having 

a refractive index smaller than refractive indexes of said core and said cladding; 

said second effective core area is smaller than said first effective core area and said third effective core area; 
said second chromatic dispersion is not less than -73 ps/nm/km and not more than -46 ps/nm/km; 
when the length of the first optical fiber, the length of the second optical fiber, and the length of the third 
30 optical fiber are represented by L 1 , L 2 , and L 3 , respectively, the ratio (L 2 /(L 1 + L 2 + L 2 )) is in the range from 0.2 to 

0.4; and 

signal light is amplified by means of Raman amplification while the signal light propagates through said optical 
transmission line. 
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FIG. 3 



PQ 

3 

0) 

o 



5h 
S-i 

o 
0-i 



10 
8 
6 
4 
2 
0 

-2 



Improvement .of .OSNR 




Improvement of non-linearity 



qV- B 1-&-'."-;o- v ----s 



: ----- 



0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 

Am (%) 



FIG. 4 



PQ 

3 

O 
C5 



o 

PL. 




0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 



Ani ^ 



BMSOOClD <EP 1289078A2 I > 



12 



EP 1 289 078 A2 



FIG. 5 
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FIG. 7 
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